Abstract Disentangling the relative importance of biotic and abiotic constraints in plant reproduction is a major challenge in reproductive ecology. Here, we tested the 'resource limitation hypothesis' that predicts a high-level ovule abortion under resource scarcity; the 'flowering displacement hypothesis' that predicts low levels of pollen limitation driven by relaxed competition for pollinators; and the 'herbivory escape hypothesis' that predicts low impact by natural enemies during unfavorable conditions. We followed reproductive phenology, measured the seasonal variation in resource abundance, and calculated initial ovule budgets to estimate the relative importance of each limiting factor on final reproductive output.
Abstract Disentangling the relative importance of biotic and abiotic constraints in plant reproduction is a major challenge in reproductive ecology. Here, we tested the 'resource limitation hypothesis' that predicts a high-level ovule abortion under resource scarcity; the 'flowering displacement hypothesis' that predicts low levels of pollen limitation driven by relaxed competition for pollinators; and the 'herbivory escape hypothesis' that predicts low impact by natural enemies during unfavorable conditions. We followed reproductive phenology, measured the seasonal variation in resource abundance, and calculated initial ovule budgets to estimate the relative importance of each limiting factor on final reproductive output.
Ovule fate was determined of ovules in different positions within the pods, and a germination experiment was conducted to identify bottlenecks at the germination stage. Despite marked decreases in resource availability during the dry season, reproduction consistently occurred during mid-to-late dry season. Destruction by natural enemies and abortion were the most likely ovule fates, with only 2.2 % of flower buds converted into ripe fruits. Ovule fates were not random along fruit positions, with higher likelihood of well-formed seeds in fruit tips and higher likelihood of ovule abortion and non-fertilized ovules near the fruit bases. The benefits derived from flowering displacement to the dry season include reduced competition for pollinators and synchronization of seedling establishment with the onset of the rainy season. However, we found no support for the herbivory escape hypothesis. We argue that a costbenefit approach is a useful framework to understand Communicated by Philip Ladd.
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Introduction
Understanding plant reproductive ecology is a great challenge in the tropics because multiple complex abiotic and biotic factors modulate reproductive output. Plant reproduction can be constrained by several factors including pollen limitation, resource limitation, and negative impacts driven by natural enemies (Lee and Bazzaz 1986; Marquis 1992; Galen 1999; Knight et al. 2005; McCall and Irwin 2006) . Despite being vital to developing effective conservation and management strategies (Ghazoul 2005) , an integrated knowledge of the processes that affect plant reproductive success is still scarce. Therefore, disentangling the relative importance of factors shaping plant reproduction remains a key challenge for plant ecologists.
Although all plants are subjected to varying degrees of reproductive losses, the climatic seasonality of savanna landscapes imposes additional constraints to reproductive success (Casper and Niesenbaum 1993) . Pollinator activity and abundance (Stoner 2001; Aguiar and Marinho-Filho 2004) , and resource availability both decrease during the dry season, thereby restricting plant growth and seedling establishment to the rainy season (Franco 2002; Oliveira 2008; Borges and Prado 2014) . Further constraints in plant reproduction emerge from the effects of fires (Ratter et al. 1997; Franco 2002) and from the impact of natural enemies, which may be higher in savannas compared to tropical rainforests (Coley and Barone 1996; Marquis et al. 2001) . Although savannas are the most common vegetation type in the tropics (Solbrig et al. 1996) , our knowledge on plant reproductive ecology in savannas lags behind that of rainforest species (Lovett-Doust and Lovett-Doust 1988; Turner 2001) .
Evolutionary theory predicts shifts in phenological activity to periods when competition for generalist pollinators and dispersers is relaxed and will be favored by natural selection if plants maximize fitness resulting from increased pollen deposition and seed removal (Lobo et al. 2003; Elzinga et al. 2007) . Flowering displacement to the dry season can also be selected because of increased pollinator activity and capacity to detect flowers in leafless plants and escape from herbivory and seed predators (Janzen 1967; Gentry 1974; Opler et al. 1976; Aide 1992) . Although the advantages of phenological displacement have been thoroughly discussed since Snow (1965) , the costs associated with reproduction during unfavorable environmental conditions are still open to debate.
The cerrado (a Neotropical savanna) harbors an enormous biodiversity that currently experiences unprecedented levels of land use change and human impact (Solbrig et al. 1996; Ratter et al. 1997; Carranza et al. 2013) . Despite the marked decrease in resource availability during the dry season, several reproductive strategies have evolved in these savannas, with plant communities often showing year-round flowering and fruiting phenology (Oliveira 2008; Borges and Prado 2014) . A conspicuous functional group in the woody flora of the cerrado comprises the deciduous species with dry season reproduction. In this functional group, both leaf flushing and reproduction typically occur in late dry season when resources are scarce. This strategy occurs in nearly 8 % of species and evolved independently in many unrelated lineages that are dominant in the local flora, including the Bignoniaceae, Malvaceae, Fabaceae, Vochysiaceae, and Clusiaceae, among others (Franco 2002; Batalha and Martins 2004; Borges and Prado 2014) .
In order to investigate the evolutionary ecology of plant reproductive strategies in the cerrado, we studied how resource limitation, pollen limitation, and herbivory affect the reproduction of Bauhinia brevipes (Fabaceae). This species was chosen as a study model for three reasons: First, its phenological strategy is representative of many deciduous species with dry season reproduction, thus it is a suitable model for understanding the costs and benefits associated with this strategy. Second, the ecology of B. brevipes has been the focus of our research group for the last 20 years, and we have a long-term understanding on its natural history and references therein). Finally, the linear arrangement of its ovules within the pods provides a unique opportunity to determine the relative importance of bottlenecks that determine ovule and seed fate such as pollen limitation, resource limitation, and the impact of natural enemies.
Given the non-random probabilities of ovules originating well-developed, unfertilized, aborted, or predated seeds in different positions within the pods (Mena-Ali and Rocha 2005a, b), one can infer pollen limitation and resource limitation by examining differential ovule fates along ovule positions. Pollen competition on the stigma is strongly influenced by genetically based differences in pollen tube growth rates, with more vigorous tubes having higher growth rates than less vigorous ones (O'Donnel and Bawa 1993) . Thus, ovules near fruit tips have higher probabilities of being fertilized by vigorous, fastgrowing pollen tubes and are more capable of draining resources from the mother-plant compared to ovules near the fruit bases. If stigmas receive an insufficient number of pollen tubes to allow fertilization of ovules near fruit bases (pollen limitation), we expect a low ovule-to-seed conversion at basal fruit positions. In turn, resource limitation can be inferred from a high proportion of aborted ovules near fruit bases (O'Donnel and Bawa 1993; Lankinen 2001) , because under resource limitation conditions, the developing embryos compete with each other for the limited maternal resources and less vigorous ones can be selectively aborted by the mother-plant (Mena-Ali and Rocha 2005b). Pre-dispersal seed predation is not expected to be directional, because eggs of seed predators are usually laid in flowers when seeds have yet to be formed (Southgate 1979) .
Here, we implemented an integrated approach to understand the factors that shape the reproductive ecology of B. brevipes, a species that allows us to examine the benefits and costs associated with flowering displacement to a time of the year with unfavorable conditions. We determined the relative importance of abiotic and biotic constraints and identified bottlenecks in flowering, fruiting, and germination stages. Specifically, we tested three hypotheses: (1) the 'resource limitation hypothesis' that predicts a high level of ovule abortion under resource scarcity; (2) the 'flowering displacement hypothesis' that predicts low levels of pollen limitation driven by reduced competition with other species for pollinator; and (3) the 'herbivory escape hypothesis' that predicts low impact by seed predators during the unfavorable season for reproduction.
Materials and methods

Study site and species
This study was conducted at the Estação Ecológica de Pirapitinga, Três Marias, Minas Gerais, southeastern Brazil (18°20 0 09 00 S-18°23 0 15 00 S and 45°17 0 4 00 W-45°20 0 51 00 W; 606 m asl). The dominant vegetation is the cerrado, a Neotropical savanna that covers about one-third of central Brazil (Oliveira and Marquis 2002) . The climate at the study site is seasonal with markedly rainy (from October to April) and dry (from May to September) seasons. The mean annual temperature ranges from 21 to 25°C, and the average total annual precipitation is around 1200 mm (Bedetti et al. 2011) .
Bauhinia brevipes is a small (approx. 2 m), abundant, and widespread shrub from the cerrado. Like many Bauhinia species (Heithaus et al. 1974 , Ramírez et al. 1984 , Bergallo 1990 , but see Neto 2013), B. brevipes is typically bat-pollinated, producing large, white flowers with crepuscular anthesis and musky-like scent (Silveira 2006 ; Fig. 1 ). The flowers last one night and produce abundant nectar with nearly constant 19 % sugar concentration throughout the night. It is a self-incompatible species whose main pollinators are Glossophaga soricina and Platyrrhinus lineatus (Silveira 2006 ). In the study area, there are few bat-pollinated species (Caryocar, Hymenaea, and Pseudobombax) that may share pollinators with B. brevipes. After intensive field work during the study period, we found minor overlap in flowering of Pseudobombax with our study species (F.A.O. Silveira, unpublished data).
The fruits of B. brevipes consist of nearly 13.5-cmlong, dry dehiscent legumes which release seeds through ballistic dispersal (Fig. 1) . The total number of seeds per fruit ranges from 9 to 25, with a mean value of 18.3 seeds/fruit. Seeds have no obvious adaptation for secondary dispersal. Bruchids and caterpillars are important pre-dispersal seed predators. Resprouting after fires does not produce independent ramets; therefore, recruitment from seed is the major determinant of population maintenance. Bauhinia brevipes is attacked by many herbivores, including leaf gall midges, free-feeding insects, and termites .
Climatic data
Historical mean monthly precipitation data for 37 years (between 1975 and 2011) and monthly temperature and relative air moisture from seven years (between November 1998 and October 2005) were provided by the Sistema de Telemetria Hidrometeorológica, Três Marias, a station located nearly 11 km from the study site. The climate at the EEP has a marked seasonality with a rainy and warm season from November to March, with a concentration of more than 90 % of the annual precipitation (values [ 150 mm/month). The dry and cool season occurs from May to September with total mean precipitation \ 20 mm/month and a significant drop in relative air humidity (Fig. 2) . Mean monthly temperatures were 20.9 and 25.1°C in the dry and rainy seasons, respectively (Fig. 2) . October and April were considered the dry-to-rainy and rainy-to-dry transitions, respectively (Fig. S1) Vegetative phenophases (leaf flushing, mature leaves, leaf fall, and crown coverage) were estimated through the Fournier method (Fournier 1974) . For the reproductive phenophases, we counted the total number of inflorescence, flower buds, flowers, unripe fruits, and ripe fruits for each individual.
To estimate water resource availability, we measure pre-dawn water potential in one terminal shoot of five randomly chosen individuals. Pre-dawn water potential was used as a measure of the water potential of the soil adjacent to the root system that provides an estimate of the maximum water status the plant can achieve (Franco 2002) . Measurements of pre-dawn xylem potential (Wx) were obtained with a pressure chamber (PMS Instruments, Albany, Oregon) at monthly intervals using leaves from the same cohort between November 2004 and October 2005 at 5:30am.
To understand the relationship between climatic variables and phenology, we ran Pearson correlations between phenophases and climatic variables. Circular statistical analyses were applied to determine whether phenophases were randomly distributed or concentrated at determined periods of the year (Morellato et al. 2010; Zar 2010) . We calculated the average vector (l) and vector size (r) for each phenophase. The average vector size ranges from 0 to 1 and represents the synchrony of the studied population (Morellato et al. 2010 ). The Rayleigh test was used to test whether the probability of distribution of the phenological events in the 360°circle is random or concentrated at a specific angular interval (Morellato et al. 2010) . Correlations were done for the interval between November 2004 and October 2005, the period when the whole dataset of climatic, water potential and phenology was available.
Reproductive ecology, ovule, and seed fate To determine the relative importance of pollen limitation, resource limitation, and natural enemies on ovule and seed fate, we counted the total number of reproductive structures in each tagged individual. The number of inflorescences, flower buds, flowers, and fruits was monitored weekly during the flowering peak of 2005 (for four consecutive weeks), and the short interval of observations allowed us to have a detailed account of the reproductive structures' turnover probabilities (buds-to-flowers, flowers-to-unripe fruits, and unripe fruits-to-ripe fruits). Each reproductive structure was assigned as attacked by natural enemies, aborted, or survived. Initial ovule budgets were individually estimated by multiplying the total inflorescence number by the number of flowers per inflorescence. The total number of flowers was then multiplied by the number of ovules per flower. Having the initial ovule budget allowed us to determine the causes of ovule death and the probabilities of formation of well-developed seeds.
To determine ovule and seed fate in relation to their position within the pods, we recorded total pod length, total ovule number, and ovule fate in 60 ripe fruits randomly collected in 2005 from non-tagged individuals. Each ovule fate was assigned as predated, non-fertilized, aborted, or well-developed seeds. Nonfertilized ovules were distinguished from the aborted ones because the former leaves small scars in the pods and the latter shows clear black necrotic signs. The position of each ovule within the fruit was determined according to the proximity to the stigma (Mena-Ali and Rocha 2005a). The ovule closest to the stigmatic surface was assigned as the first ovule, and the ovule nearest the fruit base was the last one (Fig. 1) . Ovule number assignment was done for each fruit individually since the number of ovules varied among fruits. We established five classes of ovule position, and the number of each ovule fate per category was compared among ovule position classes through Plant Ecol (2015) 216:963-974 967
ANOVA followed by Tukey's test. Each ovule position was used as a replicate within each position class. Data were checked for the assumptions of the parametric analyses. Kruskal-Wallis tests were run when such assumptions were not met (Zar 2010) , and Bonferroni-corrected Mann-Whitney tests were run when significance was detected. Sequential Bonferroni corrections were run to reduce the chances of Type I error.
To identify bottlenecks at the germination phase, we performed a germination experiment under laboratory conditions. The seed surface of well-developed seeds (collected in 2005 from [50 non-tagged individuals) was sterilized with sodium hypochlorite 1 % for 5 min, rinsed in tap water for an additional 10 min, and placed into Petri dishes layered with a double sheet of filter paper moistened with Nistatin Ò solution to avoid fungi growth. Seeds of Fabaceae often present water-impermeable seed coats (physical dormancy), but there are also non-dormant species in the family (Baskin et al. 2000) . To determine whether seeds of B. brevipes are physically dormant, half of them were mechanically scarified with sandpaper and half were used as a control. The Petri dishes were incubated in germination chambers under 25°C (average temperatures at the onset of the rainy season) and a 12-h photoperiod regime or complete darkness. Complete darkness simulates the effect of seed burial and indicates if seeds are able to accumulate into soil seed banks. Darkness was obtained by wrapping up the Petri dishes in a double sheet of aluminum foil, and the seeds were monitored for 30 days under a green safety light. We calculated germination percentage (germinability), mean germination time (MGT), and light requirement index (LRI) (Milberg et al. 2000; Ranal and Santana 2006) . Each treatment consisted of four replicates of 25 seeds. Data were compared through a two-way ANOVA followed by Tukey's test after arcsine square root transformation. We established a = 0.05 values for all analyses (Zar 2010) .
Results
Vegetative and reproductive phenology and variation in resource abundance
Both vegetative and reproductive phenologies of B. brevipes were highly seasonal with reproduction occurring during the dry season. Rayleigh tests were strongly significant ( Table 1 ), indicating that phenophases were concentrated in specific periods of the year, rather than randomly distributed along the year. The length of mean vectors was always higher than 0.91, indicating high among-individual synchrony (Table 1) .
Leaves of B. brevipes started falling at the onset of the dry season and the peak of leaf fall occurred in mid-August (Table 1) . At the end of the dry season, most individuals were leafless for nearly 1 month; massive and synchronic leaf production occurred in mid-October (Table 1 ). The onset and peak of leaf flushing both occurred at the dry-to-rainy season transition, in October. Flower buds were produced at mid-dry season, and 1 month later, B. brevipes flowered (Table 1) . Fruit maturation took an average of 17 days and seed dispersal peaked at the end of the dry season (Table 1) . During reproduction, B. brevipes progressively lost its leaves and the plants remained leafless during seed dispersal stage.
The values of xylem water potential were high during the rainy season, ranging from -0.5 to -1 MPa. At the onset of the dry season, Wx decreased to values below -1 MPa, dropping to extremely low -2.9 MPa values at mid-dry season (Fig. 3) . After that, Wx remained steady throughout the dry season. During the dry-to-rainy season transition, Wx values steeply increased to near the permanent wilting point (-1.5 MPa), with rainy season values being reestablished only at the beginning of the rainy season (Fig. 3) . The seasonal variation in Wx was positively correlated with precipitation (r = 0.73; p = 0.04) and negatively correlated with leaf fall (r = -0.81; p = 0.009).
Reproductive ecology, ovule, and seed fate Natural enemies and abortion accounted for most deaths in flower buds, flowers, and unripe fruits, so that only 2.2 % of total flower buds were converted into ripe fruits (Fig. 4) . However, ovule abortion alone accounted for nearly 57 % of total ovules, while nonfertilized ovules represented 23.7 % of ovule losses. The proportions of ovules in each category differed between the basal and tip ends (v 2 = 15.5; p \ 0.001; Fig. 4 ). The probabilities of each ovule fate varied differentially with ovule position within the fruit (Fig. 5) . Viable seeds were more commonly found in the fruit sections close to the tips (H = 16.69; p = 0.002), whereas non-fertilized ovules (H = 20.21; p \ 0.001) were more likely observed close to fruit bases. Aborted ovules were also more abundant close to fruit base sections (F = 8.3; p \ 0.001). The number of predated ovules, however, did not change in function of their relative position (H = 5.25; p = 0.263). Overall, only 1.3 out of 62 ovules in a flower bud were converted into a welldeveloped seed.
The seed mass of B. brevipes ranged from 0.014 to 0.061 g, with a mean value of 0.036 g (±0.01 SD; n = 141). Germinability of control seeds was higher than 80 % and was not affected by light (F = 0.92; p = 0.36) nor by scarification (F = 3.34; p = 0.09). Light by scarification interactions were also nonsignificant (Table S1 ). Seeds exposed to light and dark conditions were equally able to germinate at the same speed [10.2 ± 3.5 vs. 11.3 ± 1.5 days ( x ± SE); t = 0.3; p = 0.77]. Mean LRI was 0.56, indicating that the seed germination of B. brevipes was independent of light conditions. A small portion of nongerminated seeds did not imbibe, but imbibed nongerminated seeds were attacked by fungi.
Discussion
Evolutionary theory predicts that natural selection would favor reproduction displacement only if the benefits counteract the costs associated with phenological shifts. Here, we show a temporally consistent pattern of reproduction during the dry season, when resources are scarce, and thus conditions for reproduction are unfavorable. Reducing competition for pollinators and seed dispersers, together with escaping from herbivores, has been widely accepted as benefits the plants derive from phenological displacement to periods of low resource availability (Janzen 1967; Gentry 1974; Opler et al. 1976; Aide 1992) . However, given the high impact of natural enemies on plant The overall distribution of ovule fate categories is depicted in the central pie chart. N non-fertilized ovules, A aborted ovules, P predated ovules, and V viable seeds reproduction, our study does not provide support for the 'herbivory escape hypothesis.' Indeed, reports on the cumulative effects on plant-animal interactions in Bauhinia from seasonal environments indicate high losses due to herbivores and seed predators (Table 2) . Unfortunately, there are no comparative data on Bauhinia species fruiting during favorable conditions. Dry season reproduction is a rare strategy in the cerrado woody flora (Borges and Prado 2014) , suggesting that the costs associated with this ecological strategy may override the benefits only rarely. Resource limitation, inferred from a higher probability of aborted ovules and low conversion of ovules into seeds near fruit bases (O'Donnel and Bawa 1993), accounted for a higher proportion of ovule loss in B. brevipes compared to pollen limitation, inferred from the high proportion of non-fertilized ovules at fruit base. Flower production involves large carbon and water costs (Galen et al. 1993 ) that may be especially high in our study species because its large flowers produce large mounts of sugar-rich nectar (Fig. S2 ) when water and nutrient availability steeply decreases. Maintaining such high-cost flowers may be important to increase floral display to pollinators (Teixido and Valladares 2014) . Nevertheless, higher likelihoods of ovules developing well-formed seeds at fruit tips and lower likelihood of ovules being fertilized at fruit bases in B. brevipes suggest pollen limitation (Mena-Ali and Rocha 2005a). Insufficient pollen loads on the stigmas may have resulted from decreased bat activity or abundance Aguiar and Marinho-Filho 2004) , but further studies are needed to clarify this issue.
Regardless of the benefits that may be achieved by reproducing during the dry season, we also found a significant impact from natural enemies. Here, we show that the attack of natural enemies on reproductive structures accounted for the largest proportion of ovule losses in Bauhinia brevipes. The incidence of leaf herbivores and pathogens in the cerrado has been poorly documented (but see Marquis et al. 2001) , and their impact on plant fitness is rarely evaluated (Viana et al. 2013) . The effect of pathogens on B. brevipes was particularly detrimental on flower buds and less important in well-developed seeds. The role of natural enemies in driving the evolution of reproductive traits Evolutionary theory predicts that an ecological strategy will be selected only if its associated fitness benefits counteract its costs. The seeds of B. brevipes are shed at the onset of the rainy season and germinate rapidly. Synchronizing germination with the onset of the rainy season may fine-tune seedling establishment when conditions are optimal (Oliveira 2008) , provide escape from late dry season fires (Hoffmann et al. 2012) , and reduce grass root competition by providing conditions for rapid seedling root growth rate (Franco 2002) . Current data indicate that physical dormancy in Fabaceae is an ancestral state (Baskin et al. 2000) , and we argue that its evolutionary loss in B. brevipes is an effective strategy to synchronize seedling establishment with the beginning of the rainy season. The high germination percentages indicate only a small bottleneck at the germination stage, which is consistent with its regeneration strategy. Since seeds are non-dormant and light indifferent, there is no persistent soil seed bank, and regeneration depends on the chances of seedling establishment in the year when the seeds are released.
In addition to flowers and fruits, leaf flushing also occurred during the period of low resource availability, before the onset of the rainy season, when Wx attained its lowest values. This pattern is most likely a strategy to escape from herbivory and maximize photosynthesis before the sharp population growth of herbivores at the onset of the rainy season (Aide 1992) . Species flushing at the end of the dry season tends to produce deep roots that access deeper, more predictable water sources (Franco 2002) , and this seems to be the case of B. brevipes. The well-developed underground organs of the cerrado flora, a typical trait of sclerophyllous pyrophytic savannas, allow resprouting after fires and provide conditions to explore subterranean water at different depths (Silva and Batalha 2011) .
In summary, we have identified some abiotic and biotic costs associated with the dry season reproductive strategy and suggest that the benefits that B. brevipes derive from phenological displacement override these costs. In addition to reduced competition for pollinators, we propose that a particular germination strategy that synchronizes seedling establishment with the onset of the rainy season is another benefit associated with this dry season reproduction strategy (Oliveira 2008) . However, the low resource abundance and high impact by natural enemies resulted in a low fruit/flower turnover and massive ovule losses. These bottlenecks may help explaining why this phenological strategy is rare in seasonal vegetations, despite its conspicuousness in the landscape. We argue that the cost-benefit approach is a useful framework to understand the evolution of phenological strategies and that knowledge on seed biology should be incorporated into phenological studies to allow a more integrated view of plant ecological strategies in seasonal environments. Assessing reproductive losses in species with contrasting reproductive phenologies will advance our understanding on the factors that constrain plant reproduction in seasonal environments.
